Purpose To examine how the timing of hypoxic exposure results in specific childhood outcomes and whether there is a differential effect by sex. Methods A sample of 10,879 prospectively followed pregnancies was drawn from the Boston and Providence sites (New England, NE) of the National Collaborative Perinatal Project. Based on placental pathology, we developed and validated a measure of probable chronic placental hypoxia (CHP) and contrasted the effects of acute perinatal hypoxia on age 7 emotional, behavioral, and cognitive outcomes. Results Perinatal hypoxia had a significant impact on multiple behavioral and cognitive outcomes in boys and girls by age 7, in contrast to probable CHP which had a differential effect on girls and boys such that there was decreased verbal IQ and increased inhibition in females alone. Conclusions Findings underscore the importance of considering the timing of obstetric complications and offspring sex in investigations of the impact of fetal and perinatal hypoxia on offspring's outcomes throughout the life course.
Introduction
There are a number of adult onset psychiatric and neurologic disorders that have origins beginning in fetal development [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Fetal and perinatal hypoxia have been implicated as etiologic factors for a number of these disorders in adulthood and associated behavioral and cognitive deficits in childhood (e.g., [3, 5, [16] [17] [18] [19] ). Further, hypoxia has been associated with damage to brain regions which regulate behavior and emotions [3, 19] . However, it is unclear how the developmental timing and duration of fetal and/or perinatal hypoxic exposure result in specific behavioral, cognitive, and emotional sequelae in childhood and adulthood.
One window into examining the differential effects on childhood outcomes associated with the developmental timing of hypoxic exposure is to investigate differential outcomes dependent on sex of the exposed offspring. The reason for the use of ''sex of the exposed offspring'' as a window into understanding the differential effects of gestational timing is based on the fact that the hormonal regulation of the sexual differentiation of the brain occurs primarily during mid-to-late gestation of development (e.g., [20] [21] [22] ). Thus, we hypothesized that if an obstetric complication, such as hypoxia, occurs during this period, as distinct from birth or perinatal period, then sex differences in outcomes will be more prominent than those occurring outside of this critical period of the sexual differentiation of the brain. There is ample evidence that early hypoxic exposure in general is associated with psychiatric sequelae in childhood and adulthood (as referenced above). However, we know from previous animal and human work that the timing of exposure has differential consequences for male and female offspring. For example, in rats, fetal hypoxic exposure led to more severe consequences for learning behavior in male offspring, whereas postnatal exposure to anoxia did not differ between sexes [23] . While the rat brain is less developed at birth than the human brain, low birthweight in humans has served as an indicator of a fetal insult and has been associated with greater neurologic deficits in males than in females [24] [25] [26] . However, there are no studies in humans that have linked the timing of the obstetric exposure to specific sex effects in outcomes later in childhood. Thus, in this study of obstetric hypoxic conditions, we hypothesize that fetal hypoxic exposure occurring during mid-to-late gestation, a key period of sexual differentiation, compared with perinatal exposure will result in sex differences in psychiatric outcomes and associated cognitive or behavioral outcomes in childhood. We have a rare opportunity to test this hypothesis in a human population sample (the National Collaborative Perinatal Project, NCPP) in which mothers were prospectively followed through their pregnancies and the offspring were followed through age 7 regarding behavioral, emotional, and cognitive outcomes.
Methods

Sample
The sample was originally ascertained between 1959 and 1966 from a community cohort of pregnancies drawn from the Boston and Providence sites of the National Collaborative Perinatal Project (NCPP) of the National Institute of Neurological and Communicative Disorders and Stroke [27] . The New England sites were part of a larger, nationwide sample of *66,000 pregnancies in 12 cities across the United States [27] . In New England, 17,741 pregnancies were followed prospectively, and events of gestation, labor, delivery, and the neonatal period were systematically assessed. Children's mental, motor, sensory, and physical development were also assessed at 4 and 8 months, and 1, 4, and 7 years of age, including standardized measures of general intelligence at age 7. Placental readings were systematically recorded. This study used these readings to evaluate indicators of hypoxic exposure (see below).
To test the impact of probable chronic placental hypoxia (CHP) on outcomes in this population, we combined subjects in the Boston and Providence CPP cohorts who had data for placental pathology and age 7 follow-up. The final New England CPP sample represented all subjects without missing data on probable CHP (defined below) or covariates (total missing n = 4,832, final sample n = 10,879). Preliminary analyses showed that neither probable CHP nor perinatal hypoxia (defined below) predicted missing data on age 7 variables, nor did either hypoxic exposure interact with sex to predict missing data (p = 0.71 for CHP interaction, and p = 0.37 for acute hypoxia interaction). The analytic sample consisted of 51% male and 49% female exposed individuals, primarily Caucasian (86%) and middle to lower social class, with mothers on average in their mid-1920s. Offspring exposed to probable CHP were slightly higher in socioeconomic status (SES) and were more likely sampled from the Boston site (see Table 1 ).
Hypoxic exposures of interest
Chronic placental hypoxia (CHP)
For the purposes of this study, we attempted to classify subjects with fetal hypoxia who could be distinguished [29] . In addition, specific placental lesions, many of which were coded in the original NCPP data set (see Table 2 ) have been associated with fetal hypoxia. These can be grouped into lesions of the uteroplacental circulation, lesions of the fetoplacental circulation, or other CHP indicators. The placental pathology features considered to reflect probable CHP were carefully selected among the many scored variables in the NCPP data. [49] and placental dysfunction [50] .
Chronicity of these lesions can be difficult to determine with great specificity. We limited the categorization of infarcts to those old enough to be tan-white, and thus have complete hemolysis, a process generally considered to require days to complete. These lesions are generally considered to operate in the mid-late gestational age range [51] [52] [53] [54] [55] [56] . Single umbilical artery has its genesis early in the first trimester. Villous fibrosis is conventionally considered to require days to develop, and its association with reduced placental weight is also consistent with a chronic and longstanding process rather than processes operating close to delivery [38, 41] , and is among lesions considered to be indicative of maternal malperfusion effects [57] . Hemosiderin metabolism from hemoglobin is also considered to require a minimum of 24-48 h. Amnion nodosum in general requires protracted reduction in fetal urination resulting in days of oligohydramnios, and in the absence of renal agenesis is almost exclusively a mid-late to late gestational phenomenon [58] . Based on Robbins [59] , an acute inflammatory response predominates in the first 6-24 h of stress (such as infectious tissue injury, or other). After 24 h, the cell signals change and the response is termed ''chronic'' [59] .
The presence of any one of the eight CHP items (in Table 2 ) qualified a subject as having been exposed to probable CHP (1 = present, 0 = absent). A measure of probable CHP severity, represented by number of lesions, was also created. Given that blood gases/acidosis were not collected in the 1960s to test for fetal hypoxia and thus we created a new variable based on placental pathology, we cross-validated our definition of probable CHP exposure by assessing whether probable CHP was associated with the following outcomes: small for gestational age (SGA), low birth weight, death prior to age 7, standardized age 7 height and weight, and 48-h hematocrit levels at birth (i.e. a significantly high hematocrit at birth would indicate oxygen deprivation) (see ''Results''). While we cannot speak to the sensitivity and specificity of our measure of probable CHP, symptoms chosen for this measure were distinct from symptoms defining acute perinatal hypoxia.
Acute perinatal hypoxia
To test whether age 7 outcomes were associated with perinatal hypoxic exposure, we developed a propensity score (a conditional probability) representing severity of probable perinatal hypoxic exposures. Items in the general linear model were method of delivery (yes/no vertex; breech); abruptio placenta (yes/no); prolapsed cord (yes/ no); cord pathology (tight cord around neck, yes/no); duration second stage of labor in hours; and shock (yes/no: anesthetic, hemorrhagic, septic, positional (vena cava syndrome). The model predicted low Apgar scores (\7) at 1 and 5 min after birth. The propensity model approach was adapted from a model of perinatal mortality by Done and colleagues [60] . In order to create a dichotomous outcome, those in the upper 85th percentile of the distribution were defined as ''exposed'', (i.e., those most likely to have been exposed to perinatal hypoxia). Approximately 12% of probable CHP-exposed offspring also showed signs of probable perinatal hypoxic conditions. Therefore, probable CHP-exposed offspring who also experienced probable perinatal hypoxia were classified as having probable CHP. Thus, only those experiencing exclusively acute perinatal hypoxia measures were included in the acute perinatal hypoxia definition. This created independent hypoxic exposure groups for further analyses.
Age 7 cognitive, behavioral, and emotional outcomes Pediatric neurological examinations, psychological assessments, and diagnostic physician summaries composed the measures to define cognitive, behavioral, and emotional outcomes at age 7. In a previous study to derive the emotional and behavioral scales, a variety of behavioral components observed by a trained examiner were factor analyzed and produced a four-factor solution [61] . Behavioral inhibition, distress proneness, attention, and inappropriate interpersonal self-regulation composed the age 7 scales representing behavior and emotion. Aggression and conduct were measured as separate scales based on positive scores for certain behavioral observations. The aggression scale was a sum of the following positive observations: extreme negativism or resistance (cooperation), extreme assertiveness, willfulness, or forcefulness (assertiveness), and/or very hostile behavior. The conduct scale was a sum of the following positive observations: extreme negativism or resistance (cooperation), extreme assertiveness, willfulness, or forcefulness (assertiveness), very hostile behavior, variable mood or extreme instability, quite upset or extreme acting out, and/or impulsive behavior. The attention scale included items that described the child's ability to stay focused on a task and persist in problem solving, attributes that have been labeled similarly in other research [62] . The Inappropriate Interpersonal Self-Regulation scale (IISR) consisted of items that reflected unrestrained interpersonal behavior [61] . Although the IISR scale is somewhat unusual relative to more traditional domains of temperament and personality, it emerged as a strong interpretable factor and has implications for research on personality and adult emotional functioning. Thus, we chose to retain it for analytic purposes [61] . The cognitive outcomes were derived from a factor analysis of the neuropsychological battery for age 7 offspring [63] and included normalized scales for academic achievement, verbal conceptual ability, perceptual motor ability, and full-scale Wechsler I.Q. All outcome scales were standardized with a mean of 0 and standard deviation of 1 in the entire NCPP sample [61] , prior to analytic sample restriction and use in further analyses.
Potential confounders
Potential confounds of the association between early hypoxic insults and behavioral and cognitive outcomes were examined. They included race (defined as Caucasian, nonCaucasian), family socioeconomic status, site of study (Boston or Providence), and maternal age, and they were controlled in the general linear model. In a multivariate regression model for which inhibition was the outcome, African American subjects showed increased inhibition (b = 0.05, p = 0.012); Boston site subjects showed increased inhibition (b = 0.081, p \ 0.001); increased SES was associated with decreased inhibition (b = -0.045, p \ 0.001); and higher maternal age was associated with increased inhibition (b = 0.0061, p \ 0.001).
While SES and site were correlated (note, SES is only 0.83 of a standard deviation higher in Boston), we tested for evidence of multi-collinearity in the multivariate model. In this case, the variance inflation factor statistics for inhibition were 1.18 for site, 1.16 for SES, 1.04 for race, and 1.01 for maternal age. While SES varied by site, there was minimal evidence of multi-collinearity and thus both were retained in the multivariate model. Race, sex, and site of study were treated as dichotomous variables, and maternal age and family socioeconomic status were treated as quantitative variables.
Statistical methods
We were primarily interested in whether CHP or acute perinatal hypoxia would show differential effects on outcomes in girls and boys. In order to control for testing multiple outcomes, one overall multivariate F test (from a multivariate analysis of covariance (MANCOVA) model) was conducted to provide a ''protected test'' of the impact of probable CHP, perinatal hypoxia, sex, and two-way sex by hypoxia interaction terms on multiple outcome variables. The outcome variables for the multivariate tests included cognitive (verbal conceptual), behavioral (conduct), and emotional (self regulation, inhibition) variables. General linear models were then used to separately test for associations between individual outcomes and hypoxic exposures, adjusted for the effects of study site, race, socioeconomic status, and maternal age. Two-way interactions between hypoxia and sex were examined for probable CHP and perinatal hypoxia. In the case that one's sex modified the effects of a fetal or perinatal hypoxic exposure, the main effects of hypoxia on a particular outcome cannot be interpreted since they would not be meaningful in the presence of a significant interaction. Secondary analyses of these data were approved by Harvard and Brown University's Institutional Review Boards.
Results
The sample consisted of 964 (8.86%) subjects who were exposed to probable CHP and 1,198 (12.2%) exposed to probable perinatal hypoxia. To cross-validate the measure of probable CHP and probable perinatal hypoxia, we tested their associations with low birth weight, small-for-gestational age (SGA), death prior to age 7, age 7 height and weight, and standardized 48-h hematocrit levels. Both groups of hypoxic-exposed offspring compared with nonexposed controls had lower birth weight and age 7 height and higher prevalence of SGA and death prior to age 7. In addition, as expected, standardized 48-h hematocrits were significantly higher in probable CHP exposures (mean 0. Table 1 ), but not with race or maternal age.
The protective F test for multiple dependent variables related to probable CHP was significant and included a significant interaction effect of probable CHP with sex An examination of the specific (univariate) outcomes affected by hypoxia exposures revealed the following: As seen in Table 3 , probable perinatal hypoxia was significantly associated with a multitude of outcomes for boys In fact, the significant effects of probable CHP on age 7 outcomes were evident primarily as modified by sex (represented by the significant overall interaction effect of probable CHP with sex). As seen in Table 3 and Figs. 1 and 2, sex specifically modified the effect of probable CHP on two outcomes, verbal conceptual ability and inhibition at age 7. For conceptual verbal IQ, probable CHP lowered standardized scores in girls (b = -0.09) [F(1, 10,732) = 4.7, p B 0.05] and was associated with a slight increase (b = 0.04) in boys' scores. Adjusted least square mean scores for conceptual verbal IQ were lowest in probable CHP females (-0.38) compared with unexposed females (-0.29), unexposed males (-0.16), and exposed males (-0.12) (see Table 3 ; Fig. 1 ). The effect of probable CHP on verbal IQ in girls was associated with 35% (three tenths) of a standard deviation below the population average, whereas the probable CHP effect in boys was associated with only 8.5% (one tenth) of a standard deviation below the population average. For inhibition at age 7, probable CHP significantly increased inhibition in girls by age 7 compared with little effect on inhibition in boys by age 7 [F(1, 10,871) = 3.7, p B 0.05]. Adjusted least square mean scores for inhibition were highest in probable CHPexposed females (-0.06) when compared with unexposed females (-0.01), unexposed males (-0.004) and exposed † Lines represent adjusted estimates of the inter-quartile range, 25th-75th percentiles 
Standardized inhibition
Unexposed CHP exposed Fig. 2 Differential impact of sex on the effect of chronic placental hypoxia on age 7 inhibition, standardized males (-0.006) (see Table 3 ; Fig. 2) . The effect of probable CHP on inhibition in girls was associated with approximately 85% (eight tenths) of a standard deviation above the population average, whereas the probable CHP effect in boys was associated with only 14.4% (one tenth) of a standard deviation below the population average. There was no evidence that one's sex significantly modified the effect of perinatal hypoxia on any of the outcomes at age 7. When both probable CHP and probable perinatal hypoxia were treated as severity (continuous) versus dichotomous measures, results did not change.
GIRLS BOYS
A post-hoc analysis was conducted in order to examine whether the interaction between probable CHP and sex was sensitive to the inclusion of individuals classified with exposure to both probable CHP and perinatal hypoxia. When this subgroup was removed, the gap in adjusted least square mean scores was widened for inhibition, where exposed females showed greater inhibition (-0.07) and exposed males showed less inhibition (-0.03). For the verbal outcome, scores increased globally; however, the differences observed in the exposure group widened from D = |0.26| to D = |0.31|, with exposed females continuing to perform lower (-0.26) than exposed males (-0.05).
Discussion
The aim of this study was to test whether the timing of a fetal or perinatal hypoxic insult was associated with sexspecific outcomes in childhood by age 7. Findings showed that exposure to probable CHP had a differential impact on boys and girls at age 7, whereas exposure to probable perinatal hypoxia affected boys and girls similarly. Females exposed to probable CHP showed greater inhibition and lower verbal IQ at age 7 than boys, suggesting that females were particularly vulnerable to probable CHP.
Probable CHP also showed a significant effect on perceptual-motor abilities in both sexes. This is not surprising given that the definition of perceptual-motor abilities contained functions that are both male associated (such as motor functions) and female associated (perceptual speed) [64] . However, our results also contributed unique evidence that, dependent on the specific outcome domains assessed, the effect of probable CHP was also dependent on offspring sex, which was not true for perinatal hypoxic risk factors. We suggest this may reflect insufficient levels of oxygen available to the central nervous system during critical periods of the sexual differentiation of the brain resulting in differential outcomes in boys and girls. This may implicate one pathway for understanding differential vulnerabilities for sex differences in adult psychiatric or neurologic disorders with known developmental origins.
In contrast, perinatal hypoxia has been associated with a more general constellation of outcomes in childhood, and our findings confirm previous reports of similar abnormalities [18, [65] [66] [67] [68] . The nature of a perinatal hypoxic insult may lead to hypoxic-ischemic encephalopathy, a condition where the brain's compensatory ability during hypoxemia fails and causes greater damage associated with the severity of the insult [69] . This may explain the observed cross-domain effects for perinatal hypoxia found in age 7 boys and girls.
Our development of a unique CHP measure, defined using a systematic assessment of placental pathology to indicate an adverse fetal environment, may not capture all chronic hypoxic insults which occurred in utero, and may not be specific to hypoxia. A single cross-section of the cord was obtained, with one membrane roll and one histologic sample of the disk. It is possible that missing a lesion due to sparse sampling could have resulted in misclassification, with a case being falsely referred to as ''normal'' in which a lesion was simply missed in sampling. False negatives are unavoidable in this data set for which the placentas no longer exist. However, this type of misclassification should attenuate specific effects of probable CHP. Further, the amount of missing follow-up data may be attributable to unobserved spurious factors. These points may somewhat limit the generalizability of our findings, but would not negate the internal validity of the observed associations.
Fetal hypoxia is a particularly difficult variable to infer from placental measures, as the organism whose hypoxia is of interest is the fetus, and the placenta derives its oxygen from the maternal circulation by which it is directly bathed. However, a misclassification bias would be more likely to result in a Type II Error, as the misclassification would attenuate significant differences between probable CHP and probable acute perinatal hypoxia. Further, it is possible that the observed sequelae reflect a duration effect (i.e. fetal hypoxia extending into the perinatal period), rather than exclusive timing effects. To best counteract this possibility, we eliminated ''cross-over'' exposures from the perinatal hypoxia group definition and comparison group. Given that this study was conducted in the 1950s/1960s, blood gas acidosis measurements were unavailable as were Doppler-based screening measurements for waveform velocity. However, we had several measures associated with probable CHP, including significantly higher hematocrits, which contributed to the validation of identifying probable CHP exposure. Finally, there was an even distribution of sex among the exposed individuals reducing the concern that there was a selection bias by sex. Additionally, our measures of childhood behavior and emotion were derived from examiner observation and thus were more prone to reflect biases in clinical opinion than are the cognitive measures. However, the behavioral and emotional variables have been validated in previous studies [61] , and one would not expect differential misclassification by sex.
Verbal ability and inhibition are domains in which girls generally tend to predominate over boys [64] . Thus, the lower score among probable CHP-exposed females may be attributable to a sex-specific sensitivity reflecting the underlying development of brain regions implicated in inhibition and verbal ability, which are normally sexually dimorphic brain regions [70, 71] . Inhibition in childhood has been linked to anxiety and mood disorders in adulthood [72] , disorders that have higher incidences in women than men [72] [73] [74] [75] [76] . Our large sample size provided the ability to detect behavioral differences of a relatively smaller magnitude, producing outcomes that may have been subclinical at age 7. The presence of these differences early in the life course may result in more observable differences in adulthood. For example, a recent study documented a link between emotional causes of pain in primary and secondary school and anxiety in adulthood [77] . Further, fetal risk factors, particularly occurring during mid-gestation, have been implicated in major depressive disorder [7, 9, 10, 78] , which may be associated with birth outcomes, such as low birth weight or neonatal intensive care unit admission, and their association with depression in adulthood [2, 78] . In fact, animal studies of fetal risk factors in stress response circuitry (i.e. brain circuitry associated with depression and anxiety disorders) have demonstrated greater hyperactivity in females compared with males [79] [80] [81] . Thus, as mentioned, our findings may suggest one pathway to investigate fetal antecedents to sex differences in major depressive and anxiety disorders in adulthood.
Abnormalities in motor, cognitive (IQ, verbal, academic achievement), behavioral (attention), and executive functioning have been linked with early hypoxic-ischemic encephalopathy [82] [83] [84] [85] , perinatal anoxia [66] , and perinatal hypoxia [67, 68] . However, consistent with our findings, there is some work in animals and humans suggesting that perinatal acute hypoxic insults have different effects on male and female offspring than CHP [23] [24] [25] [26] . It is also possible that the observed differences may reflect other underlying genetic, hormonal, and/or environmental factors, necessitating further research to identify the biological mechanisms underlying the sex-specific observations in this study.
Conclusions
In summary, we found that exposure to a hypoxic insult during the fetal mid-to-late gestational period resulted in sex differences in inhibition and verbal IQ at age 7 (with girls exhibiting greater deficits in these domains than boys), whereas hypoxia during the perinatal period showed effects that were not sex-specific. In contrast, exposure to perinatal hypoxia was significantly associated with a variety of childhood outcomes in boys and girls, displaying less domain specificity and no evidence of effect modification by sex. These findings may provide insights into how the timing of hypoxic exposure results in sex differences in certain neurodevelopmental disorders. Although our findings require replication, further research on the hormonal and genetic mechanisms underlying the effects of fetal hypoxic exposure during the sexual differentiation of the brain [22, 71] will help us better understand sex differences that are observed in adult onset psychiatric disorders known to have fetal and neonatal origins.
